To identify pathways controlling prostate cancer metastasis we performed differential display analysis of the human prostate carcinoma cell line PC-3 and its highly metastatic derivative PC-3M. This revealed that a 78-kDa interferon-inducible GTPase, MxA, was expressed in PC-3 but not in PC-3M cells. The gene encoding MxA, MX1, is located in the region of chromosome 21 deleted as a consequence of fusion of TMPRSS2 and ERG, which has been associated with aggressive, invasive prostate cancer. Stable exogenous MxA expression inhibited in vitro motility and invasiveness of PC-3M cells. In vivo exogenous MxA expression decreased the number of hepatic metastases following intrasplenic injection. Exogenous MxA also reduced motility and invasiveness of highly metastatic LOX melanoma cells. A mutation in MxA that inactivated its GTPase reversed inhibition of motility and invasion in both tumor cell lines. Co-immunoprecipitation studies demonstrated that MxA associated with tubulin, but the GTPase-inactivating mutation blocked this association. Because MxA is a highly inducible gene, an MxA-targeted drug discovery screen was initiated by placing the MxA promoter upstream of a luciferase reporter. Examination of the NCI diversity set of small molecules revealed three hits that activated the promoter. In PC-3M cells, these drugs induced MxA protein and inhibited motility. These data demonstrate that MxA inhibits tumor cell motility and invasion, and that MxA expression can be induced by small molecules, potentially offering a new approach to the prevention and treatment of metastasis.
To identify pathways controlling prostate cancer metastasis we performed differential display analysis of the human prostate carcinoma cell line PC-3 and its highly metastatic derivative PC-3M. This revealed that a 78-kDa interferon-inducible GTPase, MxA, was expressed in PC-3 but not in PC-3M cells. The gene encoding MxA, MX1, is located in the region of chromosome 21 deleted as a consequence of fusion of TMPRSS2 and ERG, which has been associated with aggressive, invasive prostate cancer. Stable exogenous MxA expression inhibited in vitro motility and invasiveness of PC-3M cells. In vivo exogenous MxA expression decreased the number of hepatic metastases following intrasplenic injection. Exogenous MxA also reduced motility and invasiveness of highly metastatic LOX melanoma cells. A mutation in MxA that inactivated its GTPase reversed inhibition of motility and invasion in both tumor cell lines. Co-immunoprecipitation studies demonstrated that MxA associated with tubulin, but the GTPase-inactivating mutation blocked this association. Because MxA is a highly inducible gene, an MxA-targeted drug discovery screen was initiated by placing the MxA promoter upstream of a luciferase reporter. Examination of the NCI diversity set of small molecules revealed three hits that activated the promoter. In PC-3M cells, these drugs induced MxA protein and inhibited motility. These data demonstrate that MxA inhibits tumor cell motility and invasion, and that MxA expression can be induced by small molecules, potentially offering a new approach to the prevention and treatment of metastasis.
Increased understanding of the mechanisms regulating metastasis offers the potential of designing specifically targeted drugs aimed at preventing neoplastic spread. Better understanding of the genetic basis of metastasis could aid in the choice of treatment and timing of treatment modalities as well as identify molecular targets for therapy.
The clonally related pair of human prostate cancer lines, PC-3 and its more metastatic derivative, PC-3M that was derived from a liver metastasis in a nude mouse bearing a splenic explant of PC-3 (1), allowed us to explore the molecular genetic mechanisms of metastasis. To this end, we used differential display-reverse transcription-polymerase chain reaction (DD-RT-PCR) 8 (2) to identify mRNAs with expression differences in these two lines. This study demonstrated differential expression of a DD-RT-PCR band (DD-2) that was found in the PC-3 parental cell line and not in PC-3M cells (Fig. 1B) . DNA sequencing of DD-2 identified it as a portion of MxA, one of a small family of "Mx" genes (MX1 and MX2 in man and Mx1 in mouse) that encode large self-assembling dynamin-like proteins that bind and hydrolyze GTP (3) . MxA transcription is inducible by types I, II and III interferons [IFNs α/β (3), γ (4) and λ (5)], and MxA protein has been shown to be an effector of type I IFN-mediated inhibition of certain RNA viruses, including the myxoviruses. Although IFNs, both type I and II, have been used in the treatment of several forms of cancer, including melanoma, follicular lymphoma, hairy cell leukemia, chronic myelogenous leukemia, Kaposi's sarcoma and renal cell carcinoma, the mechanisms of anticancer activity have not been fully delineated. Both direct antiproliferative effects on tumor and indirect immunomodulatory effects on the host have been reported (see (6) for review). IFNs are known to inhibit cell motility (7) , and Mx proteins have significant homology to dynamin, a large GTPase involved in the scission of nascent vesicles from parent membranes. However, heretofore, MxA has been chiefly studied for its anti-viral properties (8) and it has not been associated with cell motility or metastasis. To gain a better understanding of the role of IFN and MxA in cancer biology, and to explore MxA as a new target for antimetastatic therapy we undertook an investigation of the role of MxA in two metastatic human cancer cell lines.
EXPERIMENTAL PROCEDURES
Cell lines-The human prostate carcinoma cell line PC-3 was obtained from ATCC (Manassas, VA). PC-3M (1), a highly metastatic subline derived from a hepatic metastasis of PC-3, was a kind gift of Dr James Kozlowski (Department of Urology, Northwestern University Medical School). Both cell lines and their derivatives were grown as described previously (9) . LOX is a highly metastatic human melanoma cell line (10) obtained from Dr. Dan Sackett, NIH.
Plasmids and transfections-PC-3M cells were initially transfected using Lipofectamine (Invitrogen, Carlsbad, CA) with an MxAexpressing or a β-galactosidase-expressing control vector constructed from pHβ Apr-1, in which MxA and β-galactosidase were under the control of the human α−actin promoter (11) , and stable transfectants were selected in G-418. In subsequent experiments PC-3M and LOX cells were transfected with expression vectors based on pCIneo (Promega, Madison, WI) that used the cytomegalovirus immediate-early enhancer/ promoter and added a FLAG tag to the vector control and wild-type (WT) MxA, and stable transfectants were selected using G-418. We used the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to mutate threonine 103 to alanine in the FLAG-tagged MxA-expression vector to inactivate MxA self-association and GTPase activity (12) .
Antibodies and reagents-The monoclonal anti-MxA antibody was described previously (13) . Anti-FLAG antibody was obtained from Sigma (St Louis, MO). Affinity-purified polyclonal antiMxA (14) , anti-actin (Santa Cruz Biotech, Santa Cruz, CA) and anti-α-tubulin (Oncogene Research Products, San Diego, CA) antibodies were used for immunocytochemistry, immunoblotting and immunoprecipitation. Sheep anti-human IFN-α immunoglobulin (Catalog No GO26-501-568) and control sheep immunoglobulin (Catalog No GO27-501-568) were provided by the NIAID Reference Reagent Repository, operated by Braton Biotech, Inc, Rockville, MD. Purified IFN-α was obtained from Novartis Pharma (Basel, Switzerland).
Differential display-1 µg poly(A) + RNA from PC-3 and PC-3M prostate carcinoma cells was used to generate cDNAs using Superscript reverse transcriptase (Invitrogen) and anchored and arbitrary primers (Operon Biotech, Alameda, CA). The differentially expressed bands between the two templates, which ranged from 170 to 500 bp in size, were nick-translated and used to probe RNA blots that contained poly(A) + RNA from PC-3 and PC-3M cell lines.
Northern blot analysis-Total RNA was prepared by standard methods (15) from cell pellets of PC-3 and PC-3M. Equal amounts (10 µg) were electrophoretically separated on a denaturing gel (1% agarose, 20 mM 3-morpholinopropanesulfonic acid, 5 mM Na Acetate, 1 mM ethylenediaminetetraacetic acid, 18% formaldehyde, pH 7.0) and blotted onto a nylon membrane (HyBondN, GE Life Sciences, Piscataway, NJ). The blot was sequentially hybridized with 32 P-labeled, nick-translated DD-2 fragment and MxA cDNA from human embryonic lung (16) . We also hybridized this and other northern blots with a 13-kb Pst I fragment of rat glyceraldehyde dehydrogenase (GAPDH) (17) . Motility and invasion assays-FALCON cell culture inserts with an 8-µm pore-size polyethylene terephthalate (PET) membrane (Fisher Scientific, Pittsburgh, PA) and BIOCOAT Matrigel invasion chambers (Becton Dickinson, Franklin Lakes, NJ) were used for motility assays and invasion assays, respectively. For both assays, inserts were placed into the wells of a 24-well plate. Each well contained 0.5 ml of complete medium (RPMI 1640 with 10% FBS, 1% antimycotic-antibiotic solution and 500 µg/ml G-418). Control and MxA-transfected cells were trypsinized, suspended at 1.5 x 10 5 cells/ml in complete medium, and 350 µl of the cell suspension was added to each insert. The plate of inserts was incubated for 24 h at 37°C. Following incubation, cells from the upper surface of the membrane were removed by scrubbing with a cotton-tipped swab. Cells that had migrated/invaded through the insert and adhered to the bottom of the membrane were Wright stained using the CAMCO Quik Stain kit (Fisher Scientific, Pittsburgh, PA), visualized using a Leica DM IRB microscope, and counted.
Immunofluorescence microscopyFluorescence immunocytochemistry was performed as described (18) . For cytoskeletal preparations, the cells were permeabilized with 1% Triton X-100 in PHEM buffer [60 mM piperazine-N,N'-bis(2-ethane-sulfonic acid) (PIPES; pH 6.9), 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 2 mM MgCl 2 and 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA, pH 6.9)] for 2 min and fixed with 37% formaldehyde for 10 min at room temperature (19) . Cells were incubated with primary and secondary antibodies as indicated, and nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Cells were visualized using a Zeiss Axiophot microscope, and images were captured using an Optronics (East Muskegee, OK) CCD camera.
Co-immunoprecipitation and western blot analysis-Immunoprecipitations were performed as described (20) . Cell lysates were incubated with the indicated antibodies overnight at 4°C. The immunocomplex was immobilized on protein A/G-Sepharose (Santa Cruz Biotechnologies, Santa Cruz, CA) and resolved on SDSpolyacrylamide gels, transferred to nitrocellulose filters and immunoblotted with the indicated antibodies.
GST pull-down assay-GST-MxA was constructed by standard PCR techniques to fuse the GSX vector (Promega, Madison, WI) and the MxA coding region (16) In vitro-passaged tumor cell lines were harvested and prepared for injection as described previously (21) . Cells were brought to a final concentration of 1 x 10 kept at 4°C. Cells were counted and their viability assessed manually after Trypan blue staining. Experiments were only continued if cell viability was greater than 90%. Two million cells were administered using a 27-ga needle for intrasplenic injections (hepatic metastasis assay). Splenic exposure was achieved through a high left paracostal approach to the abdomen. Each experimental group consisted of 15 beige-SCID mice. After tumor cell injection, mice were monitored at least three times weekly for evidence of tumor/metastasis-associated morbidity. The primary endpoint was the number of hepatic metastases detectable by visual examination 24 days after intrasplenic injection. Complete post mortem examinations were performed on all animals. Tissues obtained at necropsy were fixed in 10% formalin at room temperature. Routine histological analysis of metastases was undertaken at the conclusion of all experiments. The statistical significance of the difference in the number of experimental hepatic metastases between the mice injected with PC-3M-pCIneo cells and mice injected with PC-3M-MxA-wildtype cells was assessed by the non-parametric Welch's corrected unpaired t-test using GraphPad Prism version 4.0c.
High-throughput small molecule screen-To search for drugs that might induce MxA expression, the Diversity Set of 1990 pharmacophores distilled from ~140,000 compounds by the National Cancer Institute's Developmental Therapeutics Program (http://dtpncinihgov/branches/dscb/diversity_expla nationhtml) was screened in an assay for MxA promoter activation, using a luciferase-based assay (Promega, Madison, WI). The MxA promoter described in Ronni et al. (22) was inserted upstream of the firefly luciferase reporter in the pGL3 plasmid (Promega). The construct was confirmed by DNA sequencing. Interferon-α was used as a positive control. The three small molecules that induced a >2.2-fold increase in activity were also screened for their effect on MxA protein expression and on PC-3M motility, as described above.
RESULTS

Constitutive expression of MxA in PC-3 cells-
DD-RT-PCR analysis revealed eight fragments of cDNA with possible differences in expression between PC-3 and its more metastatic derivative, PC-3M. Northern blot analysis indicated that only one of these, a 200-bp band, termed DD-2, was differentially expressed, as a strong 3.0-kb mRNA band in PC-3 but not in PC-3M (Fig. 1B) . We used the DD-2 probe to screen a cDNA library generated from PC-3 mRNA, and we obtained a 2.0-kb cDNA clone that contained approximately 70% of the expected 3.0-kb sequence (including 95% of the coding region) of MxA (16). As described previously (23) , MxA homooligomerizes into ring-like and helical structures. MxA protein contains an N-terminal tripartite GTP binding motif and three regions involved in MxA self-assembly: an N-terminal self-assembly domain (SAD), a central interactive domain (CID), and an assembly domain in the C-terminus that interacts with the CID and the N-terminal SAD. The assembly domain region is rich in α-helices and contains a leucine zipper (LZ) motif (Fig. 1A ).
There were two conservative sequence differences between MxA in PC-3 and the GenBank sequence. The first difference, I378V, resulted in a conservative amino acid change, while the second, at alanine 541 (GCA to GCG), was silent. There was no sequence alteration in the tripartite GTPase domain or the self-assembly domains. The difference observed may be the result of human sequence polymorphisms (24) . MxA expression has only been reported following viral infection or treatment with IFNs (3-5). However, northern blots probed with our MxA clone (data not shown) and with the original cDNA (16) displayed the same pattern of expression that was generated by our DD-2 probe (Fig. 1B) : abundant expression in PC-3 but no detectible mRNA in PC-3M. Equal loading was confirmed by hybridizing the blots with a probe for glyceraldehyde phosphate dehydrogenase (GAPDH).
Western blot analysis with anti-MxA antibody (13) corroborated the northern blot expression data, demonstrating the presence of a 78-kDa MxA protein in PC-3 but not in PC-3M lysates (Fig. 1C) . The same blot was probed with antitubulin antibody to show equal loading for both samples.
The difference between the cell lines could have been related to a high endogenous production of type-I IFN in PC-3 cells. There was, however, no difference in the amount of IFN-α present in the two cell lines, as determined by western blot analysis (Fig. 1D) .
Maintenance of genomic integrity at the MxA locus -The constitutive expression of MxA in PC-3 cells, but not in PC-3M cells, could be explained by a genomic deletion or rearrangement at the MX1 locus. To explore this possibility, genomic DNA from PC-3 and PC-3M cells was digested with EcoRI, Bam HI and PstI, electrophoresed on an agarose gel and subjected to Southern blot analysis with MxA cDNA (Supplemental Fig. S1 ). PC-3 and PC-3M showed identical patterns of hybridization, which indicated that the difference in expression of MxA in PC-3 cells and PC-3M cells was not the result of a major genomic deletion or rearrangement. S1 ) indicating that the MxA gene was intact in PC-3M cells. This experiment also showed that the IFN signaling pathway was still active in PC-3M cells, ruling out the possibility that lack of MxA expression in PC-3M cells was due to an inability to respond to IFN stimulation.
Effect of MxA on motility of PC-3M cells-The constitutive expression of MxA in PC-3 cells and absence of expression in PC-3M cells suggested the possibility that MxA might suppress some aspect of metastatic behavior. Furthermore, it had been reported that type I IFN can reduce cell motility (7), one component of metastasis. To test whether PC-3 and PC-3M differed in motility, we subjected both lines to an assay that measured the ability of cells to migrate through pores in a PET membrane. Figure 2C shows that untreated (control) PC-3M cells were considerably more motile than PC-3, and IFN-α reduced PC-3M motility to a level comparable to that of untreated PC-3. Consistent with the result seen in Figure  2A , PC-3 cells were also responsive to IFN, which reduced their motility still further.
To test directly whether MxA played a role in regulating motility, we transfected PC-3M cells with MxA-and β-galactosidase control-expressing vectors, and stable cell lines, including PC-3M-MxA#1 and PC-3M-MxA#2, constitutively expressing full-length human MxA protein, and the control, PC-3M-β-gal, were selected. The level of MxA expression in the three transfectants was determined by western blot (Fig. 2D, inset) . MxA protein was not detected in PC-3M β-gal, while the other two lines expressed exogenous MxA, with a higher level of expression in MxA #1 than in MxA #2. The level of MxA in MxA clone #1 was comparable to the endogenous level of MxA in PC-3, and the level of MxA in clone #2 was lower than the level in PC-3 ( Supplementary Fig.  S2 ). MxA expression inhibited motility in both MxA clone #1 and #2 (Fig. 2D) , and the level of inhibition correlated with the level of MxA expression. PC-3M MxA clone 1 (PC-3M-MxA) was used in all subsequent studies.
Time-lapse microscopy -Time-lapse video microscopy visually demonstrated the reduction of motility induced by MxA expression in PC-3M cells ( Supplementary Fig. S3 ). PC-3M-MxA cells showed markedly reduced levels of movement across the field, compared to control PC-3M cells that express the unrelated protein, β-galactosidase. Although translational motility of the PC-3M-MxA cells was markedly inhibited, the majority of the cells demonstrated membrane ruffling and several mitoses were apparent. However, in contrast to PC-3M-β-gal cells, in PC-3M-MxA cells there was an absence of translational motility of daughter cells following cytokinesis.
MxA expression has no effect on proliferation -To confirm the impression gained in the timelapse study that expression of MxA did not impede cell division, and to investigate the role of GTPase activity in the ability of MxA to inhibit motility, another set of stable transfectants of PC-3M was made using the pCI vector that includes the CMV promoter, a neo selectable marker and a FLAG tag for immunodetection. In addition to the FLAGtagged wild-type MxA, a FLAG-tagged MxA with a threonine to alanine mutation at residue 103 between the first and second GTP-binding consensus motif that ablates both GTPase and antiviral activity (12) was introduced into PC-3M cells. As shown in Figure 3A , all three transfectants proliferated at the same rate, strongly suggesting that the effect of MxA on motility was unrelated to an effect on cell proliferation.
T103A mutation reverses effects of MxA on motility and invasion-To confirm and extend our motility studies, we repeated them with the PC-3M MxA-FLAG transfectants.
In addition, to determine if the effect of MxA was limited to PC-3M cells, stable transfectants expressing FLAGtagged wild-type MxA and FLAG-tagged T103A-mutant MxA were created in the highly metastatic human melanoma cell line LOX (10), which, like PC-3M, does not express endogenous MxA (data not shown). The studies were also extended to test the effect of MxA on invasion, using a Transwell invasion assay in which the cells are required to cross a Matrigel layer as well as migrate through pores in the PET filter. Consistent with the results shown in Fig. 2 , FLAG-tagged MxA inhibited PC-3M motility (Fig. 3B) . Expression of FLAGtagged MxA also inhibited PC-3M invasion (Fig.  3C) . Similarly, the expression of exogenous MxA decreased LOX cell motility and invasiveness (Figs. 3D and 3E ). However, in both PC-3M and LOX cell lines, the T103A mutation in the GTPase/self-assembly region reversed the ability of MxA to suppress in vitro motility and invasiveness of these highly metastatic tumor cells.
Wild-type MxA but not mutant MxA associates with tubulin -It has been reported that MxA can transiently bind the cytoskeletal proteins actin and tubulin (3) . Since elements of the cytoskeleton are instrumental in cell motility, we investigated whether MxA associated with the actin or tubulin cytoskeleton in PC-3 and LOX cells, using immunoprecipitation and immunocytochemical studies of cytoskeletal preparations. Fig. 4A demonstrates that endogenous MxA coimmunoprecipitated with tubulin, but not with actin, in PC-3 cells. In a cell-free GST pull-down experiment, GST-MxA associated with purified tubulin in a concentration-dependent manner, consistent with direct binding of MxA and tubulin (Fig. 4B) .
The association of wild-type MxA with tubulin was also examined in the stablytransfected LOX cell line. Whole cell lysates were immunoprecipitated with anti-α-tubulin antibody, anti-MxA antibody or protein A/G-coated Sepharose beads alone, followed by western blotting with anti-FLAG antibody (Fig. 4C) To test whether the association of MxA with the microtubule cytoskeleton was dependent upon its GTPase/self-assembly activity, as was the ability of MxA to suppress motility and invasion, we also performed co-immunoprecipitation experiments using the LOX-FLAG-MxA-T103A stable transfectant (Fig. 4C, panel 3) . In contrast to the LOX cells that expressed wild-type MxA, in LOX-FLAG-MxA-T103A cells, the binding of the T103A mutant of MxA to tubulin was virtually undetectable.
When soluble proteins were extracted from LOX melanoma cells that stably expressed wildtype MxA or T103A mutant MxA, only wild-type MxA protein remained bound to the insoluble cytoskeletal matrix (Fig. 4D) . These data are consistent with the co-immunoprecipitation experiments in Figures 4A and 4B that showed that only wild-type MxA associated with tubulin. MxA-T103A washed out of the insoluble cytoskeleton preparation.
These data are consistent with an association of tubulin and wildtype MxA but not T103A mutant MxA, suggesting that microtubules play a role in MxA-mediated reduction of motility and invasiveness of PC-3M prostate carcinoma cells and LOX melanoma cells.
GFP-MxA transiently expressed in PC-3M cells demonstrated two subcellular localizations, a diffuse cytoplasmic localization, and a punctate cytoplasmic localization that has a vesicular appearance (Supplementary Fig. S4 ). Together with the earlier data suggesting a transient association of MxA and tubulin (3), the data suggest that MxA exists in multiple subcellular localizations, and that microtubule-associated MxA is potentially associated with inhibition of motility.
Effect of MxA on in vivo experimental hepatic metastasis-To test the effect of MxA expression in vivo, an experimental hepatic metastasis assay was used. In this assay, 2x10 6 cells from the PC-3M-pCIneo, PC-3M-MxA-wild-type and PC-3M-MxA-T103A cell lines were injected into the spleens of beige/SCID mice. Fifteen mice per group were injected and procedure-associated deaths occurred in two mice in the PC-3M-pCIneo and PC-3M-MxA-WT group and in one mouse in the PC-3M-MxA-T103A group. Twenty four days following intrasplenic injection liver metastases developed in 11/13 mice injected with PC-3M-pCIneo cells (Fig. 5) . In contrast, metastases developed in 1/13 mice injected with PC-3M-MxA-WT. Liver metastases developed in 6/14 mice injected with PC-3M-MxA-T103A. Histological examination of primary tumors and metastases revealed highly epithelial neoplasia with limited stromal elements. No discrete acinar elements were noted in any samples. No significant differences were noted among tumor samples expressing MxA, MxA-T103A, or vector control. The number of hepatic metastases from PC-3M cells bearing the control pCIneo vector (mean=5.8) was significantly greater than from PC-3M-MxA cells (mean=0.39; p<0.06; Fig. 5 ). The T103A mutation resulted in a 5-fold higher mean number of metastases than wild-type MxA (mean=2.0). These data demonstrate that MxA inhibits the development of experimental metastases in vivo.
High-throughput small molecule screen-The data presented thus far demonstrate the loss of expression of MxA in the highly metastatic PC-3 variant PC-3M, and that re-expression of MxA inhibits motility and metastasis. Because MxA is known to be highly inducible by a defined signaling pathway, the data suggest the potential success of targeting MxA in a small molecule screen. For this screen we cloned the human MxA promoter upstream of luciferase as described in Experimental Procedures. The MxA promoterluciferase reporter construct together with a neomycin-resistance plasmid were transfected into PC-3M cells and G418 was used to select stable transfectants. The stably-transfected cells were incubated with the compounds in the NCI Diversity Set of 1900 pharmacophores at a concentration of 10 µM each for 24 h, and the cells were tested for luciferase activity using the assay kit provided by Promega, according to the manufacturer's instructions. Recombinant interferon-α was used as a positive control. Three molecules induced a >2.2-fold increase over the vehicle control (Fig. 6A) . The positive control, 1,000 IU/ml of interferon-α, induced a 6.8-fold increase in reporter activity. The same three compounds also induced MxA protein expression in PC-3M cells in culture (Fig. 6C) .
These three active small molecules were also screened for their effect on PC-3M motility, as described above. In the motility assay, PC-3M cells were inhibited between 40% and 60% by these compounds (Fig. 6B) . In this assay, interferon-α caused approximately a 50% inhibition of motility, indicating that the small molecules were comparable in activity to that of interferon-α.
DISCUSSION
This study began with the use of DD-RT-PCR to identify genes differentially expressed in two clonally-related human prostate carcinoma cell lines differing in metastatic activity, and this revealed a dramatic difference in MxA expression. As demonstrated here, MxA mRNA and protein were abundant in PC-3 but were not detectable in its more metastatic derivative, PC-3M. To test the hypothesis that MxA plays a role in reduction of motility and metastasis of prostatic and other cancers, we expressed the full-length MxA cDNA in PC-3M prostate carcinoma cells and in LOX melanoma cells and compared its effect with that of control vectors. MxA induced a clear reduction in motility and invasiveness in both tumor types in two in vitro assays.
Stable expression of exogenous MxA in PC-3M cells also caused a significant reduction in an in vivo assay of metastasis in immunocompromised beige-SCID mice: the number of hepatic metastases following intrasplenic injection.
It was unexpected to find that PC-3 expressed MxA spontaneously, since it was believed that MxA is not expressed in normal or neoplastic cells in the absence of viral infection or exposure to exogenous interferon (25, 26 (27)) detected MxA expression in 0/1 leukemia, 3/7 non-small cell lung cancer, 2/7 colon, 4/6 CNS and 2/6 melanoma (data not shown). This demonstrates that expression of MxA is more widespread than anticipated and suggests that regulation of MxA warrants further investigation.
It has been known for almost thirty years that IFN can inhibit normal cell motility (7) but the mechanism has not been identified. MxA is known to be strongly induced by IFN, and MxA expression is a preferred marker for evidence of IFN biological activity in vivo (28) . Our data show that MxA mimics the IFN effect on motility, suggesting that it might be a critical molecular mediator of the IFN effect.
Downregulation of a number of IFN target genes has been reported in several studies of global gene expression in prostate cancer. Shou et al. (29) , Nagano et al. (4) and Schulz et al. (30) showed that a significant portion of the genes whose downregulation was associated with prostate cancer tumorigenesis or tumor progression were IFN-inducible genes, including MxA. It is also of interest that a recent study by Han and colleagues found that the genome organizer SATB1 reprograms gene expression to promote breast cancer tumor growth and metastasis, and that MX1 is a target for repression by SATB1 (31) .
IFN has been used in the treatment of prostate cancer (32) , melanoma (33) , renal cell carcinoma (34, 35) and other human neoplasms. When expression of IFN-β was induced in PC-3M cells by transfection of an expression vector, these cells showed a reduced ability to metastasize and reduced tumorigenicity in nude mice (36) . The authors demonstrated an anti-angiogenic effect of the IFN-producing tumor cells on surrounding stroma. The data in the present report demonstrate that IFN also directly inhibits PC-3M motility, indicating that IFN may affect both tumor and stroma. In aggregate, these data suggest that MxA may be a mediator of the effect of IFN on normal and tumor cell motility.
Motile cells are polarized, with a leading edge characterized by a ruffling lamellipodium and a trailing tail that retracts from substratum attachment sites. Actin polymerization is an essential force in cell propulsion, and small GTPases regulate lamellipodium function via their effects on actin. In addition, the tubulin-based cytoskeleton, specifically, via microtubule retraction, is also important to the function of the uropod that alternatively holds and releases the cell from its attachments (37) . Our data demonstrate that MxA interacts with tubulin and that a point mutation of the MxA GTPase domain known to inactivate the GTPase (12) also inactivates MxA control of motility and blocks MxA association with microtubules. This confirms the earlier report (3) of transient association of
MxA with subcellular components. Studies of the cytoskeleton and motility have focused more on actin and actin-regulatory small GTPases of the Rho family than on microtubules. Recent research, however, has demonstrated that in motile cells, microtubules also regulate Rho protein activity and actin polymerization, and, thus, microtubules are important regulators of directional movement (38, 39) . Furthermore, there are several recent reports implicating microtubules and the microtubule organizing center in directing cell polarization and migration (40) (41) (42) . Our data suggest that MxA may be important in this process, representing a member of a new class of microtubule-associated proteins that regulate motility. Membrane ruffling and mitosis appear uncompromised in time-lapse studies of MxAexpressing PC-3M cells. The pronounced decrease of vectorial movement of these cells compared to PC-3M cells expressing β-galactosidase suggests that MxA targets specific processes regulating motility, such as cell polarization and/or detachment from substratum adhesion sites (37, 39, 43) . Reversible association with tubulin that depends on GTP binding is an attractive candidate for regulating motility in normal cells and metastasis in transformed cells. Several other metastasis-suppressing genes share with MxA a predilection for association with the cytoskeleton (44, 45) . Specifically, several prostate cancer metastasis-suppressing gene products, CD44, nm23-H1, KAI1/CD82, and KiSS1 (the last two specifically demonstrated in experimental rat prostate metastasis) appear to stimulate or moderate reorganization of the actin cytoskeleton. This mechanism may also explain the observation that MxA, like certain other dynamin family members, plays a role in membrane remodeling, such as a transient perturbation of endocytosis (46, 47) . Our data indicate that, unlike some dynamin family members (48), MxA does not seem to be essential for cell division, rendering it a classic metastasis-suppressor molecule.
Our goal was to identify a new pathway for the control of tumor cell motility and metastasis. This was achieved by the identification of MxA as a metastasis control gene. The level of MxA expression may be a predictor of metastatic potential. If this is verified, MxA could be recognized as a metastasis-specific component of the molecular phenotype and have an significant impact on therapeutic decisions (49) . It is of interest in this regard that a bioinformatics strategy has revealed recently that approximately 50% of prostate cancers from prostate-specific antigen screened surgical cohorts are positive for a fusion of TMPRSS2 and ERG on chromosome 21 (50) .
This fusion, which is associated with an invasive phenotype, is frequently associated with interstitial DNA deletions that encompass the MX1 locus (51) . The fusion gene can induce an invasionassociated transcriptional program. However, the finding that interstitial deletions encompassing the MxA-encoding locus are associated with increased aggressiveness of prostate cancer, together with the data presented here, suggest there may also be a contribution from the loss of MxA-mediated antimetastatic activity to the observed correlation of the fusion protein with aggressivity.
In addition to its predictive potential, upregulation of MxA and its metastasis-inhibiting activity is worth consideration as a new therapeutic target in tumors where the MX1 locus is intact (45) . Drugs that target upregulation of MxA might provide more specific anti-tumor activity and less toxicity than type I IFNs (32) or even a new anti-tumor interferon, limitin (52) . To develop an MxA-targeted small molecule, we employed an MxA promoter-reporter system in a high-throughput format to screen for inducers of MxA expression. Our data showed that there are small molecules that can cause increased MxA expression and inhibition of motility. The MxApromoter-luciferase reporter screen demonstrates that small molecules can upregulate the MxA promoter and MxA expression. Studies of the effect of MxA-directed small molecules on tumor behavior in vivo await further refinement of the hits by an expanded screen and structure-activity relationship analysis.
Various expression strategies have been used to successfully identify tumor differentiation states, predict metastatic potential and develop new therapeutic targets (53) (54) (55) (56) (57) (58) . The results of the present study are particularly amenable to clinical translation, because the gene identified is highly inducible. Small molecule upregulation of MxA expression may represent a new strategy for development of antimetastasis therapeutics. .
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This research was supported in part by the Intramural Research Program of the NIH and the National Cancer Institute. We thank Lee Helman, NCI, for helpful discussions, Ion Gresser, Institut Curie, for interest and antibodies, Jeff Rubin and William Taylor, both from the NCI, for a northern blot of human prostate RNAs, Marina Marini and Walter Schlapkohl, NCI, and Dan Sackett, NICHD, for critical reading of the manuscript and valuable suggestions. We thank James Kozlowski and Dan Sackett for the kind gifts of the PC-3M and LOX cell lines, respectively. We acknowledge with gratitude the reference antisera from the Reference Repository of the National Institute of Allergy and Infectious Diseases, maintained by Braton Biotech, Inc, Rockville, MD. 8 The abbreviations used are: DD-RT-PCR, differential display reverse transcription polymerase chain reaction; IFN, interferon; GAPDH, glyceraldehyde dehydrogenase; WT, wild-type; DAPI, 4,6-diamidino-2-phenylindole, PET, polyethylene terephthalate. were grown for 24 h on coverslips in the presence or absence of 1000 international units (IU) of IFN-α/ml, fixed, permeabilized, stained with monoclonal anti-MxA and Cy-3-conjugated goat anti-mouse immunoglobulin and counterstained with DAPI. Immunofluorescence was visualized with a Zeiss Axiophot microscope with a 40X objective, and the images were captured on an Optronics CCD camera. C. Motility of PC-3 and PC-3M cells, with and without 24-h exposure to 1000 IU/ml IFN-α. Bars represent the percent of control PC-3M mobility. Each bar represents the mean of two independent triplicate determinations ± the standard error of the mean (SEM). D. MxA expression and motility. Motility of stable clones of PC-3M expressing β-galactosidase or two different levels of MxA was measured as above. To assess levels of expression in the cell lines being tested, western blots of 50 µg of protein lysate per lane were probed with anti-MxA and shown in the insert. Each bar represents the mean ± SEM of two independent experiments performed in triplicate. Wilcoxon rank sum test was used to compare the relative motility of control versus interferon-α-treated PC-3 and PC-3M cells (Fig. 2C) and β-gal-expressing versus two MxA-expressing PC-3M stable transfectants (Fig. 2D ). *p<0.03. (Fig. 3B,C) , and the mean ± SEM of 3 independent experiments performed in duplicate in LOX cells (Fig. 3D,E) . Wilcoxon rank sum test was used to compare the relative motility and invasion of the stable pCIneo and MxA-T103A transfectants to the MxA-WT stable transfectants in PC-3M and LOX cells. *p<0.01. Association of MxA with the cytoskeleton. LOX cells, stably transfected with either FLAG-tagged wildtype MxA or FLAG-tagged MxA-T103A were grown on glass coverslips and cytoskeletal preparations were made as described in Materials and Methods, and stained with anti-FLAG antibody. Nuclei were visualized by counterstaining with DAPI. Fig. 5 . Exogenous MxA expression inhibits PC-3M hepatic metastasis. Two million PC-3M cells stably transfected with pCIneo, wild-type MxA or the MxA-T103A mutant were injected into the spleens of beige/SCID mice and the number of liver metastases found on autopsy was determined by visual examination 24 days following intrasplenic injection. The number of hepatic metastases from mice injected with PC-3M-pCIneo (n=13; mean # of metastases=5.8) was significantly greater than from mice injected with PC-3M-MxA (n=13; mean # of metastases=0.39; p=0.006 using Welch's corrected unpaired t-test). A replicate hepatic metastasis assay yielded concordant results. Fig. 6 . Screen for small molecules that induce MxA and inhibit motility. A. The Diversity Set of 1990 pharmacophores from the National Cancer Institute Developmental Therapeutics Program was tested in a high-throughput screen using an MxA promoter-luciferase reporter assay. PC-3M cells were incubated for 24h with 10 µM compound. Interferon-α was used as a positive control. Results from three small molecules that induced a >2.2-fold increase in activity are shown (two independent experiments in triplicate). B. Effect of the three small molecule hits on PC-3M motility (two independent experiments in duplicate). Motility of PC-3M cells, with and without 24-h exposure to 1000 international units/ml IFN-α or the small molecule hits. Bars represent the percent of control PC-3M mobility. Motility was assayed as described in Experimental Procedures. C. Immunocytochemistry with anti-MxA antibody confirmed induction of MxA protein by the three compounds detected in the high-throughput assay for MxA promoter activation. 
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